) and double dose (2D). Simultaneously, we assessed the effects of both pyrethroids applied at standard doses against domestic infestations. Bug infestation at the site level was assessed by timed manual collections with a dislodging agent at baseline, 13 and 21 mo postspraying (MPS). In domiciles, D and S nearly suppressed all T. infestans infestations up to 21 MPS. In peridomestic sites infested before interventions, multiple logistic regression analysis showed that site-level reinfestation at 13 MPS was signiÞcantly lower for treatment 2D (1%) than for other treatments, whereas 2S (6%), D (5%), and S (14%) did not differ signiÞcantly between them. The risk of reinfestation after spraying was signiÞcantly greater in goat or pig corrals than in other peridomestic ecotopes (in which treatments did not differ signiÞcantly), and in sites infested before interventions than in uninfested sites. The application of SC deltamethrin at double dose in goat or pig corrals may suppress T. infestans foci and achieve more sustained effects in the dry Chaco.
KEY WORDS vector control, Chaco, pyrethroid, insecticide, Chagas disease
Chagas disease affects an estimated 10 Ð15 million people in the Americas, with Ϸ41,000 incident cases annually and high impact on morbidity and mortality (SchoÞeld et al. 2006 , Dias 2009 . A region-wide vector control program of Chagas disease, based mostly on the residual application of pyrethroid insecticides, achieved the interruption of transmission mediated by Triatoma infestans (Klug) in Uruguay, Chile, Brazil, and sections of Argentina and Paraguay (Dias et al. 2002 , SchoÞeld et al. 2006 . However, the elimination of T. infestans has failed in the Gran Chaco region for multiple reasons (Gü rtler et al. 2007 ). The Gran Chaco ecoregion is a 1.1 million square kilometers semiarid plain covering large parts of northern and central Argentina, southeast Bolivia, central and western Paraguay where Chagas disease is hyperendemic.
House compounds in the Gran Chaco are typically composed of domestic sites (human sleeping quarters) and a peridomestic area including several constructions for raising domestic animals (corrals, chicken coops), storage and other purposes (e.g., kitchen). The available evidence indicates that peridomestic structures are the weakest points of Chagas disease vector control programs in arid or semiarid areas throughout Latin America (Ronderos et al. 1980; Cecere et al. 2002 Cecere et al. , 2004 Cecere et al. , 2006a Diotaiuti et al. 2000; Ramsey et al. 2003; Gü rtler et al. 2004; Porcasi et al. 2006 Porcasi et al. , 2007 . Peridomestic ecotopes were identiÞed as the main sources of residual T. infestans populations that increased the risk of domestic reinfestation after control interventions (Cecere et al. 2002 (Cecere et al. , 2004 . Heavily infested pig or goat corrals and chicken coops are suitable habitats for bug development , Ceballos et al. 2005 , and particularly corrals are a sizable source of ßight-dispersing adult T. infestans (Ceballos et al. 2005 , VazquezÐProkopec et al. 2006 .
The residual activity of pyrethroid insecticides inside human habitations or under laboratory conditions lasts for 1Ð12 mo (Diotaiuti and TexeiraÐPinto 1991 , Ferro et al. 1995 , Rojas de Arias et al. 2003 , but is much shorter in peridomestic structures exposed to sunlight, temperature, and other factors that cause the degradation of insecticide molecules (RousselÐUclaf 1982 . Furthermore, the lower, more variable effectiveness of pyrethroids in peridomestic areas may emerge from the presence of structures with numerous hiding places for triatomine bugs that are difÞcult to reach with insecticides TexeiraÐPinto 1991, Cecere et al. 2002) . Despite professional community-wide spraying of pyrethroids in the absence of insecticide resistance, lack of elimination of peridomestic foci promote fast domestic reinfestation with T. infestans followed by new cases of human infection with T. cruzi (Gü rtler et al. 1994 (Gü rtler et al. , 2007 Cecere et al. 2004 Cecere et al. , 2006a Porcasi et al. 2006) .
Deltamethrin has been the insecticide most commonly used for the control of Triatominae since the 1980s because of its efÞcacy, persistence, and minimal environmental impact (SchoÞeld 1994) . The pyrethroid ␤-cypermethrin began to be applied in Argentina during the late 1990s (Zerba et al. 1997 ). Both insecticides formulated as suspension concentrate (SC) are frequently applied in current campaigns against Chagas disease vectors (Zerba 1985 (Zerba , 1999 SchoÞeld 2001) . A Þeld trial conducted in the dry Argentine Chaco found that ␤-cypermethrin (50 mg active ingredient [AI ]/m 2 ) and deltamethrin (25 mg AI/m 2 ) were similarly effective for controlling domestic and peridomestic infestations with T. infestans in 200 houses during 1 yr (Zerba et al. 1997) . The relative effectiveness of pyrethroid insecticides, formulations and doses has seldom been assessed in comparative Þeld trials focusing on peridomestic sites. In a randomized intervention trial carried out against peridomestic T. infestans in northern Argentina, SC ␤-cypermethrin applied in water at 100 mg AI/m 2 (double dose) was signiÞcantly more effective than the standard dose of SC ␤-cypermethrin at 50 mg AI/m 2 and other emulsiÞable concentrate pyrethroid formulations (Cecere et al. 2006b ). In the current study, we report the results of a randomized intervention trial that assessed the relative effectiveness of SC deltamethrin and SC ␤-cypermethrin each applied at single and double doses in peridomestic sites infested by T. infestans, and the effects of both pyrethroids applied at standard doses against domestic infestations. Our initial hypothesis was that both pyrethroid insecticides would achieve equivalent results conditional on dose and type of habitat (i.e., domiciles vs. peridomiciles), with larger effects in domiciles and with larger doses.
Materials and Methods
Study Area. The study was carried out in 28 rural communities in Figueroa and Moreno Departments (27Њ 23Ј S, 63Њ 29Ј W), Province of Santiago del Estero, Argentina (Fig. 1) . The study communities comprised 388 houses located within 1Ð30 km of a paved road. Only a group of communities at the center of the study area had been sprayed with deltamethrin by ArgentinaÕs National Vector Control Program (NVCP) in 2004 and was under vector surveillance and were surrounded by other communities that had not been sprayed with insecticides at the time of the current trial. All communities were located in a semiarid plain with hardwood forest undergoing intensive exploitation. Most houses were made of adobe walls and thatched roofs, with one or two adjacent bedrooms and a front veranda 5Ð10 m wide. These areas shared a common roof and will be referred to hereafter as domestic or domiciliary areas. The peridomestic area was separated from human habitations and consisted of a patio and 3Ð 8 structures (e.g., storerooms, kitchens, corrals, etc.) that housed different domestic animal species. A house compound encompassed the domicile and associated peridomestic structures (i.e., peridomicile). The study area was selected for the intervention trial because it was heavily infested with T. infestans both in domestic and peridomestic sites, and recent human cases of vector-borne transmission of T. cruzi had been detected. The last insecticide spray of the study communities had been conducted by NVCP between 2 and 8 yr before the present trial.
Study Design. Baseline Survey. All 388 houses in the 28 rural communities were visited. At each house, we explained the objectives of the project and its different phases, surveyed the type and number of domestic animals, requested information on family size and insecticide use, type of building material of domestic and peridomestic structures, georeferenced each domicile, numbered each house, and posted a note of visit on the back of the front door (Cecere et al. 2006b ). Four teams, each one composed of one supervisor and three skilled collectors from NVCP, searched for triatomine bugs in all domestic and peridomestic sites using timed manual collections (TMC) with a dislodging agent (0.2% tethrametrin, Espacial 0.2, Reopen, Buenos Aires, Argentina). Two persons searched for bugs in the peridomestic sites most frequently found infested (goat or sheep corrals, pig corrals, chicken coops, storerooms, and kitchens) using one-fourth person-hour on each site, while another man searched in domiciliary sites during 30 min (one-half person-hour). All bugs collected were identiÞed to species and stage (Cecere et al. 2006b ).
Intervention Phase. After the baseline survey, a community-wide insecticide spraying campaign aiming at full coverage was carried out by NVCP personnel supervised by the research team. All peridomiciles found to be infested by TMC at baseline were listed alphabetically by community and then randomly assigned to one of four treatments: 1) 5% SC ␤-cypermethrin formulation (Sipertrin, Chemotecnica, Spegazzini, Argentina) diluted in water and applied with manual compression sprayers (Guarany, Brazil) equipped with Nell 8002 fan nozzles at concentrations of 50 mg AI/m 2 (standard dose, S) and 2) 100 mg AI/m 2 (double dose, 2S); 3) 2.5% SC deltamethrin (K-Othrina, Bayer, Munro, Argentina) applied with the same types of compression sprayer and nozzle at concentrations of 25 mg AI/m 2 (standard dose, D), and 5) 50 mg AI/m 2 (double dose, 2D). Each domicile was sprayed with a standard dose of the same type of insecticide assigned to its peridomicile. Seven teams, each one composed of one supervisor and three NVCP spray persons with Ͼ10 yr of experience, sprayed a total of 360 domiciles (145 with treatment S and 215 with D) and 304 peridomiciles (67 with treatment S, 68 with 2S, 102 with D and 67 with 2D) following standard procedures (http://www.msal.gov.ar/chagas/images/stories/Equipos/guia_vectorial.pdf). The fences of goat and sheep corrals, made of piled branches or shrubs, were lifted from the ground during insecticide applications to increase penetration into the matrix of vegetation and goat droppings; this nonstandard procedure was used to achieve the best possible performance for a professional insecticide spray. Before initiating spraying operations, the expected discharge volume per minute of every sprayer was veriÞed using water; if any deviation from standard volumes was noted, the nozzle was replaced by one in proper condition. Insecticides were provided by NVCP from stocks handled and stored under standard procedures.
Postspraying Surveys. Intervention effects were assessed at 13 (April 2006) and 21 (December 2006) months postspraying (MPS). Three teams, each including one supervisor and two bug collectors, searched for triatomine bugs using 0.2% tetramethrin during 15 min (one-fourth person-hour) in each identiÞed domicile and peridomestic site. Among 337 domestic and 1,179 peridomestic sites evaluated at baseline and treated, 318 (94%) and 299 (89%) domestic sites and 929 (79%) and 872 (79%) peridomestic sites were evaluated at 13 and 21 MPS, respectively. Peridomestic and domestic sites that could not be evaluated after spraying had been dismantled, their owners were absent, or the dirt roads were not accessible during the surveys.
During the surveillance phase, only sites infested by T. infestans were immediately resprayed selectively with ␤-cypermethrin at the original dose assigned to each site. Because only ␤-cypermethrin was available to NCVP during the postspraying phase, the effects of selective insecticide sprays of sites found infested at 13 MPS could not be assessed for each of the four treatments. Finally, all peridomestic sites found reinfested were sprayed with treatment 2S at 21 MPS.
Data Analysis. The overall prevalence of infestation was estimated for domiciles and peridomiciles that were evaluated at baseline, sprayed with insecticides in 2005, and evaluated at least once after initial spraying. A peridomicile was considered infested when at least one live T. infestans bug was captured in any peridomestic site within that compound. A site was considered colonized when any live nymphal instar of T. infestans was captured. All sites positive by TMC after initial spraying were considered reinfested sites. The geometric mean number (GMN) of T. infestans in domiciles before initial spraying was standardized to one-fourth person-hour of capture effort in each site, on the assumption of a linear relationship between capture effort and the total number of bugs captured by TMC (Rabinovich et al. 1995) .
The assessment of treatment effects only included peridomestic sites positive for T. infestans by TMC at baseline that were sprayed with insecticides in 2005 and were later evaluated for infestation at least once at 13 or 21 MPS. Treatment effects were assessed over 314 sites at 13 MPS and over 285 sites at 21 MPS. The infested sites at 13 mo. were selectively sprayed with ␤-cypermethrin and were not considered at 21 mo. Multiple logistic regression analysis run on Stata 10.1 (Stata Corp. 2007 ) was used to assess signiÞcant (P Ͻ 0.05) effects on the binary response variable (reinfested peridomestic sites at 13 MPS) of insecticide treatment (four levels, S taken as the reference class) and type of ecotope (goat or pig corrals vs. other types of peridomestic ecotopes). This basic model was extended to investigate the putative effects of the Log 10 -transformed baseline abundance of T. infestans per site as determined by TMC; previous studies showed that reinfestation postspraying increased with preintervention bug abundance , Cecere et al. 2006 ). The same analysis was done considering reinfestation (response variable) of goat or pig corrals separately from other peridomestic ecotopes. We used WaldÕs 2 (with 1 df) to test whether the regression coefÞcients for each treatment differed statistically from each other. A further investigation of treatment effects on reinfestation at 13 MPS was conducted for all 929 peridomestic sites evaluated then (including infested and noninfested sites before interventions) by running a multiple logistic regression model that also included type of peridomestic ecotope and a categorical variable indexing preintervention infestation status at site and peridomicile levels (with three categories: infested sites, negative sites from an infested peridomicile, and negative sites from a negative peridomicile, the last one taken as the reference level). Poisson and negative binomial regression models were used to assess signiÞcant (P Ͻ 0.05) effects of insecticide treatments on the Log 10 -transformed abundance of T. infestans per site at 13 MPS (response variable).
Results
The overall impact of community-wide and selective insecticide sprays on overall domestic and peridomestic infestations by T. infestans was striking (Table 1) . Infestation in domiciles decreased 40-fold from 40.5% at baseline to 0.7% at 13 MPS, and after selective sprays reached 0.4% at 21 MPS. In peridomiciles, however, overall infestation was reduced much less than in domiciles from 61.9 to 11.0% at 13 MPS, rising to 18.9% at 21 MPS. Only three domiciles were colonized after interventions, whereas 61 and 72% of infested peridomiciles were colonized at 13 and 21 MPS, respectively. GMN of T. infestans per peridomicile decreased sharply from 17 bugs at baseline to two and three bugs at 13 and 21 MPS, respectively, whereas in domiciles GMNs were 5, 7, and 1 bug per unit of capture effort per site.
For all sites evaluated at least once after intervention, every peridomestic ecotope showed substantially higher infestation prevalence and abundance of T. infestans than domiciles after initial insecticide spraying (Fig. 2) . Goat corrals had the highest infestation before (58%) and after initial insecticide spraying (7Ð 15%), followed by pig corrals (38 and 4 Ð 8%, respectively). Infestation of storerooms, chicken coops, and kitchens ranged from 29 to 45% before initial spraying, and from 0 to 4% after spraying. Goat or pig corrals represented 90% of peridomestic sites with a persistent infestation (i.e., both times positive) between 0 and 13 MPS. Among all initially infested peridomestic sites evaluated after interventions, goat or pig corrals contributed the most to the prevalence of infestation before (63%, 210/331) and after (89%, 47/53) initial spraying. Of 1,348 sites evaluated before initial spraying and at least once thereafter, only 1% (3/327) of domestic sites and 8% (84/1021) of peridomestic sites were reinfested after spraying. Figure 3 shows the effects of insecticidal treatments on reinfestation of peridomestic sites infested at baseline according to type of ecotope and time after intervention. At the aggregate level (i.e., disregarding ecotope effects), treatment 2D achieved the lowest reinfestation at 13 MPS (1%) followed by D (5%), 2S (6%), and S (14%) ( 2 ϭ 10.87; df ϭ 3; P Ͻ 0.05). Colonization ranged from 0 to 1% in sites treated with D or 2D and from 5 to 8% in those treated with S or 2S, respectively. Multiple logistic regression analysis showed that the relative odds of reinfestation at 13 MPS adjusted for type of ecotope was signiÞcantly lower for 2D (Odds Ratio [OR] ϭ 0.08; 95% CI ϭ 0.01Ð 0.64; P ϭ 0.02) than for S, whereas treatments D (OR ϭ 0.35; CI ϭ 0.10 Ð1.18; P ϭ 0.09) and 2S (OR ϭ 0.40; CI ϭ 0.13Ð1.25; P ϭ 0.11) did not differ signiÞ-cantly from S. We detected statistically signiÞcant differences between treatments 2D and 2S ( 2 ϭ 6.95; P ϭ 0.03) and between 2D and D ( 2 ϭ 7.31; P ϭ 0.02), whereas no such differences occurred between 2S and D ( 2 ϭ 4.02; P ϭ 0.13). Reinfestation of goat or pig corrals was signiÞcantly higher than for other peridomestic ecotopes (OR ϭ 5.20; CI ϭ 1.17Ð23.08; P ϭ 0.03). Addition of the baseline abundance of T. infestans per site did not increase the Þt of the model to the data. At 21 MPS, differences between treatments were not statistically signiÞcant from S (2D: OR ϭ 0.74, CI ϭ 0.26 Ð2.06; D: OR ϭ 0.87, CI ϭ 0.32Ð2.36; 2S: OR ϭ 0.31, CI ϭ 0.09 Ð1.08) or between each of them. Poisson and negative binomial regressions analysis did not reveal signiÞcant treatment effects on the relative abundance of bugs per site at 13 MPS when adjusted for type of ecotope, and the interaction between treatment and ecotope (Fig. 3) . When stratiÞed by type of peridomestic ecotope, treatment effects on reinfestation at 13 MPS differed to some extent between ecotopes (Fig. 3A,B) . For ecotopes other than corrals (i.e., storerooms, kitchens, chicken coops, and others), reinfestation varied between 0% for D and 2D to 3Ð5% for S and 2S ( 2 ϭ 2.52; df ϭ 3; P ϭ 0.47), with only two sites found infested (Fig. 3A) . In goat or pig corrals, however, reinfestation at 13 MPS was signiÞcantly lower in sites treated with 2D (OR ϭ 0.09; CI ϭ 0.01Ð 0.73; P Ͻ 0.024) than with S, whereas treatments D (OR ϭ 0.40; CI ϭ 0.12Ð1.41) and 2S (OR ϭ 0.36; CI ϭ 0.10 Ð1.24) did not differ signiÞcantly from S (Fig. 3B) . Reinfestation differed signiÞcantly between treatments 2D and D ( 2 ϭ 6.05; P ϭ 0.04) or between 2D and 2S ( 2 ϭ 6.51; P ϭ 0.04); treatments D and 2S did not differ signiÞcantly (P Ͼ 0.17). Colonization ranged from 0 to 2% in sites treated with D or 2D and between 6 and 12% in those treated with S or 2S. Figure 4 shows treatment effects on reinfestation of all 929 peridomestic sites treated and reevaluated at 13 MPS according to type of ecotope and the preintervention status of infestation at site and peridomicile levels. For all peridomestic sites, the adjusted relative odds of reinfestation was signiÞcantly lower for 2D (OR ϭ 0.18; CI ϭ 0.05Ð 0.64; P ϭ 0.01) than for S, whereas treatments D (OR ϭ 0.44; CI ϭ 0.17Ð1.14) and 2S (OR ϭ 0.56; CI ϭ 0.23Ð1.37) did not differ signiÞcantly from S. Treatment 2D differed signiÞ-cantly from 2S ( 2 ϭ 7.28; P Ͻ 0.02) and D ( 2 ϭ 8.03; P ϭ 0.02), whereas D and 2S did not ( 2 ϭ 3.31; P ϭ 0.19). Reinfestation of pig or goat corrals was significantly higher than for other peridomestic ecotopes (OR ϭ 2.85; CI ϭ 1.23Ð 6.60; P ϭ 0.01). Relative to negative sites that belonged to a negative peridomicile, reinfestation was signiÞcantly higher in sites infested before interventions (OR ϭ 4.26; CI ϭ 1.22Ð 14.77; P ϭ 0.02) but not in negative sites from an infested peridomicile (OR ϭ 2.38; CI ϭ 0.63Ð9.04; P ϭ 0.2). For ecotopes other than corrals, reinfestation was low and differences between treatments were not statistically signiÞcant from S (2D: OR ϭ 0.75, CI ϭ 0.10 Ð5.45; D: OR ϭ 0.37, CI ϭ 0.03Ð 4.10; 2S: OR ϭ 1.71, CI ϭ 0.31Ð9.55), nor were they modiÞed by the preintervention status of infestation at site and peridomicile levels (Fig. 4A) . For goat or pig corrals, the ranking of treatment effectiveness up to 13 MPS and statistical results were qualitatively the same as for all peridomestic ecotopes (Fig. 4B) .
Both S and D treatments suppressed domestic infestations almost completely. Between baseline and 13 MPS, domestic infestations fell from 37% (74/198) to 0.5% (1/185) for treatment D, and from 38% (53/139) to 0.8% (1/133) for S (Fisher test; P ϭ 1.0). Only one domicile was found reinfested at 21 MPS. All domestic sites negative at baseline and sprayed with pyrethroids remained negative up to 21 MPS.
Discussion
Our trial documents that the effectiveness of pyrethroid-based treatments differed substantially between domestic and peridomestic ecotopes; between goat or pig corrals and other peridomestic ecotopes, and between pyrethroid insecticides and doses in rural areas of the dry Chaco. SC deltamethrin applied with manual compression sprayers at 2D nearly suppressed peridomestic infestations with T. infestans up to 13 MPS and produced signiÞcantly enhanced effects in goat or pig corrals. In contrast, both community-wide treatments S and D suppressed domestic infestations almost completely up to 21 MPS, in agreement with earlier studies (Zerba et al. 1997 , Cecere et al. 2002 . Moreover, differential treatment effects in peridomestic ecotopes other than corrals were slight and nonsigniÞcant. In general, storerooms and kitchens were built in a similar manner as domestic sites, and thus pyrethroid molecules there were less affected by exposure to sunlight, dust, or rain than in other open structures such as corrals.
An earlier intervention trial that assessed the effectiveness of S and 2S on infested peridomestic sites showed that 2S apparently suppressed peridomestic infestations at 5 MPS whereas treatment effects did not differ at 12 MPS (Cecere et al. 2006b ). The current trial corroborates that standard doses do not suppress peridomestic infestations at 13 MPS; extends these Þndings to SC deltamethrin with a standard dose, and more generally, emphasizes the challenge of suppressing T. infestans populations from peridomestic ecotopes.
Although the differences between treatments 2D and the rest were statistically signiÞcant, the strength of the evidence was reasonable though not very strong (0.02 Ͻ P Ͻ 0.03) and the absolute differences in the mean size of the effects were modest within pyrethroid insecticides (e.g., 2D and D effects differed by 4%). An earlier trial also showed modest, nonsigniÞ-cant differences between D and S in peridomiciles that ran in the same direction as in the current trial (Zerba et al. 1997 ). Whether such differences in effectiveness are meaningful from a practical point of view is closely related to the ultimate goal of the vector control program (i.e., bug elimination vs. control, interruption of parasite transmission) and a cost-effectiveness analysis (see below). In the dry Chaco region, most of the human transmission of T. cruzi mediated by T. infestans occurs in domiciles, and vector infection is higher in domiciles than in peridomestic areas before and after community-wide insecticide spraying Figure includes sites infested at baseline that were treated and reevaluated at 13 or 21 MPS. Sites that were infested sites at 13 mo. were selectively sprayed with ␤-cypermethrin and were not considered at 21 MPS. The numbers of sites inspected for infestation are on top of histogram bars. (Gü rtler et al. 2007) . If the ultimate goal of the control program is vector elimination from high-risk areas, in the absence of surveillance and effective response a single house or peridomestic structure left infested could lead to reinfestation of the whole community in 3Ð5 yr and the appearance of new human cases of T. cruzi during such period ). An exclusive focus on the interior of domestic sites for immediate interruption of disease incidence may achieve this goal at the expense of recurrent insecticide sprays to prevent bug invasion from peridomestic sources. Past experience shows that these efforts have not been sustainable in high-risk rural areas in the Chaco.
We were most interested in assessing whether the study treatments were able to suppress preintervention infestations in a context of minimal environmental changes and reduced bug invasion from elsewhere. In the current trial, treatment effects were better measured by the outcome at 13 rather than at 21 MPS mainly because: 1) the residual effects of pyrethroids in peridomestic habitats of the dry Chaco during summer only last for a few days or weeksÑa period not long enough to affect T. infestans eggs by the time they hatch , and 2) the time needed for build-up of bug population numbers to surpass the detectability threshold of TMC. Producing a new generation of adult T. infestans from eggs may take between 6 and 12 mo depending on temperature and host availability (Cecere et al. 2003) . In a context of fast reinfestation after interventions as in Santiago del Estero, infestation at 21 MPS represents a rather advanced stage of the process of bug propagation from various sources despite of selective treatments after community-wide insecticide spraying. Consistent with these views, treatment effects in peridomestic sites were not signiÞcantly different among all tested insecticides and doses at 21 MPS.
Infestations detected for the Þrst time at 13 and 21 MPS were the outcome of several processes that most likely differed in their relative magnitude: low-density infestations missed at baseline because of the limited sensitivity of timed-manual collections with a dislodging aerosol (Gü rtler et al. 2001 , AbadÐFranch et al. 2011 ; local residual foci after initial insecticide spraying, and recent bug invasions from other foci. Pyrethroid resistance did not play any role in this trial because local T. infestans populations in 2004 showed no evidence of diminished susceptibility to pyrethroids in diagnostic dose assays (M.I.P., unpublished results), nor had they been detected in Santiago del Estero province yet (Picollo 2001).
The sites found positive by TMC after initial spraying were denominated "reinfested sites" although bugs collected after interventions might have been bugs that survived treatment (i.e., not a new infestation) or that might have migrated into the trial site after intervention (SchoÞeld 2001) . The most likely sources of postspraying infestations in sites that had been infested at baseline were triatomine bugs that survived insecticide treatment (i.e., residual foci), as in previous Þeld trials in the dry Chaco , Cecere et al. 2006b ). In general, peridomestic sites infested before interventions experienced a higher risk of becoming reinfested at 13 MPS than negative sites (regardless of whether the latter belonged to a peridomicile that had been infested before interventions or not). This is an important piece of evidence suggesting that the foci detected after interventions were most likely residual foci (i.e., not true reinfestations). Other types of evidence that may be used for this purpose is the relative stage structure of bug populations before and early after interventions (Gurevitz et al. 2013) , microsatellite markers and wing morphometry (e.g., Pé rez de Rosas et al. 2007 , Ceballos et al. 2011 .
Despite the inferred prime role of persistent residual foci, active bug invasions from nearby residual foci may perhaps explain in part the infestation of negative sites before initial interventions. The 13-MPS survey was conducted shortly after summer, when bug populations and adult insects are more abundant and more dispersive ßights occur (Ceballos et al. 2005 , VazquezÐ Prokopec et al. 2006 . Additional bug sources external to the study communities were kept to a minimum through extended coverage of neighboring rural areas. Although low-density sylvatic foci of T. infestans were detected locally (Ceballos et al. 2011 ), they were rare and unlikely to explain the rather large reinfestation rates recorded, especially of sites that had been infested before interventions.
Domestic and peridomestic infestations with T. infestans after application of a standard dose of SC pyrethroid insecticides increased with the preintervention abundance of bugs per site in several Þeld trials (Gü rtler et al. 1994 Cecere et al. 2002) , but no signiÞcant association was found when a double dose was applied (Cecere et al. 2006b ). In the current trial, reinfestation up to 13 MPS was positively and significantly associated with the preintervention infestation status at site level, but not with preintervention bug abundance. The fact that negative sites located in infested peridomiciles tended to have an increased (though not statistically signiÞcant) probability of becoming reinfested after initial interventions is probably explained by the occurrence of spatial aggregation of infested sites between and within house compounds at a wide range of distances (Cecere et al. 2006a , Levy et al. 2008 and by the limited detectability of TMC.
Our trial further corroborates that goat or pig corrals are key ecotopes for T. infestans and play a major role as residual foci that drive the subsequent reinfestation process in the dry Chaco Cecere et al. 2002 Cecere et al. , 2006b ). These ecotopes are mainly characterized by frequent infestation and large bug abundance before and after residual insecticide spraying; precarious construction with piled thorny shrubs or branches and wooden posts or planks that provide plenty refuges for bugs; high exposure to weather agents that undermine pyrethroid effects, and bug populations with a variable nutritional status that promotes ßight dispersal under appropriate conditions (Ceballos et al. 2005 , VazquezÐProkopec et al. 2006 . Although improved insecticide regimes may cope with infestations in goat or pig corrals, replacing current construction patterns with wire fences and roofs that minimize refuges for bugs would exert more sustainable effects on local infestations and minimize the use of insecticides (Ronderos et al. 1980; D.E.G., unpublished results) .
Among the main limitations of our study is the lack of assessment of infestations at an earlier time point after initial interventions, and use of only one pyrethroid insecticide to treat reinfested foci detected at 13 MPS rather than repeating the same initial treatment at each reinfested site. The sole use of TMC to detect infestations suggests that the actual occurrences of bug infestations before and after interventions were underestimated, especially after interventions when bug abundance is very low. Future trials should also consider testing the bugs for T. cruzi infections before and after interventions, and estimate the impact of interventions on parasite transmission; both aspects were beyond our operational capacity in this trial. Major strengths of our trial were a relatively large sample of key peridomestic ecotopes, randomization of treatments within rural communities, and blind assessment procedures. The underlying rationale was to consider each infested site as a distinct population of T. infestans, rather than considering the entire house or peridomicile (that comprise different types of ecotopes with different infestation status) as the experimental unit. Thus, the effectiveness of an insecticide application in suppressing bugs can be assessed for speciÞc sites; peridomestic ecotopes with infestations that are harder to eliminate may be identiÞed, and the heterogeneity of infestation risk by type of ecotope may be accounted for.
Our study documented a relatively fast reinfestation of peridomestic sites despite achieving full spray coverage with both pyrethroids in use and a larger total amount of insecticide applied than in routine control operations using standard doses. House infestations with T. infestans were mainly detected in peridomestic structures during the Þrst year after community-wide spraying with pyrethroid insecticides in several studies (Dujardin et al. 1996; Cecere et al. 2002; Guillé n et al. 1997; Zerba et al. 1997; Gü rtler et al. 2004; Porcasi et al. 2006 Porcasi et al. , 2007 , including other triatomine bug species in arid and semiarid areas of Brazil and Mexico (Diotaiuti et al. 2000 , Ramsey et al. 2003 . In the Gran Chaco, community-wide residual spraying of different SC pyrethroid insecticides at standard dose have not reached the expected levels of effectiveness against T. infestans in peridomestic areas (Silveira 2002 , Gü rtler et al. 2007 . Therefore, an improved, targeted, vector control strategy that accounts for heterogeneities in infestation and treatment effectiveness is needed.
To reach this goal vector control programs should have the option and ability to select and use the chemical they need for proper control in time and space. An evidence of this limitation was the lack of one pyrethroid insecticide after initial interventions, which determined the use of the only insecticide available for selective sprays. The same limitations hold true for standard Chagas vector control programs in many other countries. The complex administrative process of purchasing insecticides, mostly based on competitive prices, determines large variations in the availability, timing and type of pyrethroid insecticide purchased from year to year.
The evidence obtained in this trial supports the application of a double dose of SC deltamethrin in corrals and other key peridomestic ecotopes that are more likely to harbor persistent populations of T. infestans, especially if rural communities are not easily 
